In this report, we cloned and characterised four members of group H glycosyltransferases (GTs) by studying their substrate specificities and kinetics. The formation of products and possible glycosylation position was confirmed using MS/MS. The results revealed that 76E1 and 76E5 have broader donor specificity, including UDP-glucose (UDPGlc), UDP-galactose (UDPGal) and UDP-N-acetylglucosamine (UDPGlcNAc) with various flavonoids as acceptor substrates. Pseudo-single substrate kinetics data showed a relatively low K M , indicating a high affinity for substrate UDPGlc and also supported that 76E5 is more of a galactosyl and N-acetylglucosamine transferase. Sequence alignment and site-directed mutagenesis studies indeed suggested that serine is a crucial residue in the UDPGlcNAc and UDPGal activity.
Introduction
Glycosylation is a widespread modication of plant secondary metabolites involved in various functions such as the regulation of hormone homeostasis, the detoxication of xenobiotics and the biosynthesis and storage of secondary compounds. In plants, these reactions are controlled by a specic subclass of the glycosyltransferase family. Family 1 plant UDP dependent glycosyltransferases (UGTs) are responsible for the transfer of sugar to many bioactive natural products 1 such as alkaloids, terpenoids, avonoids and phenylpropanoids. UDP activated sugars are mainly used as donor compounds by UGTs.
2 Generally, transfer of sugar molecules can be either to macromolecules (such as proteins, lipids) or small molecules (such as plant secondary metabolites -natural products, oligosaccharides). 3 However, the products of glycosylation catalysed by UGTs are glycosides of small molecules. 4 Numerous pharmacological activities have been reported for natural products containing sugar residues. This is because glycosylation improves their stability, solubility in water and bioavailability; hence it has become an important process in drug research and development. 5 In addition, through this process, glycosides have become attractive compounds used as nutraceuticals and food additives.
3 Leaves and seeds of Digitalis purpurea and Digitalis lanata are the most signicant sources of cardiac steroids important in the treatment of various heart conditions. The aglycone steroid however, binds and dissociates too quickly from the receptor. Attachment of the sugar moiety to the aglycone steroid improves its binding stability to receptor, though the sugar itself has no cardiac activity. Hence, sugar addition enhanced the pharmacokinetic behaviour of the aglycone steroid, leaving us with low dissociation potent glycosides. 6 New and effective methods to produce glycosylated natural products have been studied over the years. 7 Since glycosyltransferases are important biocatalysts in sugar addition, it is imperative to study UGTs more in depth.
Presently, 122 UGT encoding genes are found in the model plant Arabidopsis thaliana. 8 Phylogenetic analysis of conserved amino acids in Arabidopsis UGTs led to the classication into 14 groups 9 (ESI Fig. 1 †) . Although these enzymes have been studied for many years, to date only a few have been characterized in planta. Of the 19 genes found in group H, only 2 are fully characterised. 8 Varieties of glycosides found in plants in vivo signify that plant UGTs can glycosylate diverse compounds.
10
Although UGTs were believed to be highly specic in substrate recognition in vivo, reports have disclosed broader range promiscuity against both substrates.
11-17 This substrate recognition includes recognition of both UDP sugar donor as well as acceptor.
1 Generally, UGTs are highly specic for sugar donor although UDP-glucose is most commonly used. 18 The screening studies [11] [12] [13] [14] [15] [16] [17] which looked into substrate specicity within Arabidopsis thaliana phylogenetic groups found that UGTs of the same group glycosylate acceptors belonging to very different compound classes. These early studies challenged efforts to solely base substrate specicity on phylogeny. Although biochemical characterisation of the substrate specicity is quite challenging as it entails testing diverse substrates to fully understand specicity of individual UGTs, it will advance prediction of substrate specicity based on phylogeny.
1,19
Comprehensive facts on the in vivo and in vitro activity and specicity of UGTs are important in the design of enhanced UGTs with desired properties.
20
In recent times, the importance of glycosyltransferases (GTs) has been in the spotlight. However, insufficient biochemical data on individual member enzyme has hindered further research into their functional understanding. Identifying and biochemically characterising some GT genes has helped in studying mechanism of glycosylation in planta. 21 Biochemical data on substrate preferences has been relied on for prediction of substrate specicity based on phylogeny. Till date, most of Arabidopsis thaliana UGTs substrates remain unknown.
22
Here, we report the substrate specicity and kinetic analysis of four Arabidopsis thaliana group H UGTs (76E1, 76E2, 76E5 and 76D1). Substrate screening showed that the UGTs added sugar to acceptors from different classes of secondary metabolites ranging from avonoids, cinnamic acids, coumarins to alkaloids. They also recognised varying donor compounds, with all accepting UDPGlc. In addition, 76E1 and 76E5 recognise UDPGal and UDPGlcNAc. Using tandem mass spectrometry, likely glycosylation positions of the acceptors were proposed. Further kinetic study measured each enzyme binding affinity with donor substrates, indicating their donor preferences and catalytic efficiencies. Knowledge of the activity and specicity of UGTs would provide a basis for their potential use in the design of improved UGTs to produce bioactive molecules for pharmaceutical purpose.
Experimental
(a) Gene cloning procedure Total RNA was extracted from the 14d seedlings of the Arabidopsis using the TRIzol reagent (Takara, Japan). First-strand cDNA was synthesized using PrimerScript RT reagent Kit with gDNA Eraser (Takara, Japan), pooled cDNA was used as PCR template. The cDNA sequences of UGT76E1, UGT76E2, UGT76E5 and UGT76D1 were amplied by TransStart Fast Pfu DNA Polymerase (TRANS, China). A BamHI and XhoI restriction site were included in the sequence of forward primer and the reverse primer used for PCR of UGT76E1 and UGT76E2. The PCR primers for UGT76E1 cloning are: forward GGATCCATGGAA-GAACTAGGAGTGAAG and reverse CTCGAGCTA-CATGAAATTCATCATT; the PCR primers for UGT76E2 cloning are: forward GGATCCATGGAGGAAAACAAGTGAAG, reverse CTCGAGTCACATGGAATTAACAAAGTC. The BamHI and EcoRI were included in the sequence of forward primer and the reverse primer used for PCR of UGT76E5. The PCR primers for UGT76E5 cloning are: forward GGATCCATGGAGAAAAATGCA-GAGAAG, reverse GAATTCTCAAGTATTTCTATACTCTGC. The BamHI and SacI were included in the sequence of forward primer and the reverse primer used for PCR of UGT76D1. The primers for UGT76D1 cloning are: forward CGGGATCCATGG-CAGAGATTCGCCAG, reverse CGAGCTCTCATTGTTCGT-CAATTTGCATC. The amplied products were cloned into the corresponding sites of the Blunt simple cloning vector, previously digested with appropriate restriction enzymes. Aer sequencing and alignment with reference sequence of the four genes shown in the Arabidopsis information resource, the right clones were chosen for further cloning. Lastly, the cDNA fragments of the target genes were inserted and ligated into the pGEX-3H plasmid previously digested with appropriate restriction enzymes, respectively. The resulting recombinant plasmids were transformed into competent E. coli BL cells.
(b) Expression and purication of AtUGT76E1, AtUGT76E2 and AtUGT76E5
The recombinant plasmids were transformed into BL1 (DE3) cells for protein expression. Thereaer, they were veried by DNA sequencing via sanger sequencing (Source Bioscience Ltd). The bacterial cells were grown at 37 C while being shaken at 200 rpm to an OD 600 of 0.6-0.8. Isopropyl 1-thiogalactopyranoside (IPTG) was added to the cell culture to a nal concentration of 0.1 mM to induce protein expression. The culture was grown overnight at 20 C and collected by centrifugation at 4 C. The GST-tagged recombinant protein was puried by affinity chromatography (columns) and quantied using the Bradford assay according to the standard procedure provided by the suppliers. Cell lysate before purication and puried protein were analysed on sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) gels to verify protein production (ESI Fig. 2a -d †).
(c) In vitro UGT reaction assay
The UGT enzyme assay included the following components: 1 mM Tris 1 mM, MgCl 2 (pH 8.0), 10 mM UDP-sugars, 10 mM acceptor compounds and puried target proteins. For the acceptor screening, the 42 compounds screened are shown in the acceptor library (ESI Table 1 †). The 7 sugar donor compounds used in the donor screening are also indicated in Fig. 2 . The reaction mixture was incubated at 37 C for 3 and 15
hours at different times. The reaction was terminated with acetonitrile and centrifuged to remove proteins. The supernatant was then analysed with LCMS. Glycosylated products were identied by their molecular weights, and these target compounds were subsequently fragmented using MS/MS for conrmation.
(d) UDP-Glo™ glycosyltransferase assay -for kinetics
Kinetic study was performed using the UDP-Glo™ glycosyltransferases Assay kit-following the procedure provided by the supplier. The UGT enzyme assay mixture for kinetics contained Tris buffer (50mM Tris, 5 mM MgCl 2 , pH 7.5), kaempferol (for 76E1 and 76E5) and quercetin (for 76E2 and 76D1). Kaempferol and quercetin were xed at 20 mM. The donor substrates concentration; UDP Glc (ve concentrations) was varied from 10-500 mM while UDP Gal and GlcNAc were varied from 0.1-10 mM. The UGT reaction was carried out at 25 C and terminated using the UDP-Glo assay detection buffer. This kit detects UDP generated aer UDP-sugar transfer by converting UDP to light (measured in relative luminescence units) in a luciferase type reaction. A linear standard curve using 0-25 mM UDP was performed (ESI Fig. 17 †) . Following the kit's protocol, the UGT assay was combined in a ratio 1 : 1 (10 ml : 10 ml) with the UDPGlo™ detection reagent in individual wells (white at bottom 384-well plate [Corning]). Luminescence signal was measured aer 1 hour incubation using a Pherastar microplate reader (BMG Labtech).
(e) HPLC-MS/MS
Samples were analysed with Agilent 6400 triple quadruple mass spectrometer coupled with HPLC system using phenomenex-C18 column (50 Â 4.6 mm, kinetex 5u, 100A). The solvents used were as follows: (A) HPLC grade water containing 0.1% formic acid and (B) acetonitrile containing 0.1% formic acid. For the MS scan, both positive and negative spectra were obtained and run at a ow rate of 0.4 ml min À1 in isocratic mode (10% A and 90% B). The injection volume was 10 ml, detection wavelength at 260 nm and column temperature of 20 C. Other details include start and end mass of 100 and 1000 respectively, scan time of 500 and cell accelerator voltage of 7. The MS/MS (product ion scan) had a ow rate 0.5 ml min À1 at gradient mode (70% A: 30% B for 1 min, 55% A: 45% B for 1.50 min and lastly 70% A: 30% B for 2.50 min). The injection volume was maintained at 10 ml and only negative spectra were obtained here. The precursor ions were fragmented for conrmation within the range of m/z 100-100. Scan segment details are as follows: scan time 500 fragmentor 135, collision energy 15 and cell accelerator voltage 7. All analyses were done in duplicates.
(f) Site directed mutagenesis
Primer design was done using NEBaseChanger v1.2.7 (http:// nebasechanger.neb.com/) and the primers synthesized by Euron Genomics Ltd. Templates DNAs were extracted using QIAprep Spin miniprep kit protocol. Q5 Site-directed mutagenesis kit protocol (from NewEngland Biolabs) was observed to make mutants from the wild type template DNAs. Mutagenesis was done in three stages of exponential amplication (polymerase chain reaction), digestion and transformation. Mutant plasmid DNAs were subsequently extracted via miniprep. The mutant DNAs were sent for sanger sequencing (SourceBioScience) to conrm mutations. The primer sequences are: 76E2N320S: Forward primer AGAGGAATTCAG-TAGGTTGGTTTC, reverse primer GGTAAGGACTCTGTCCATTC; 76E1S318N: forward primer GGAGGAATTCAATAGGTTGGTTT, reverse primer GGTAAAGACTCTGTCCATTC; 76E5S311N: forward primer AGTGGAAGTCAATAAGATTGTCTC, reverse primer GGCATTGACTCTGTACCG. All WT and mutant sequences were conrmed using BLAST (ESI Fig. 11-17 †) .
(g) Sequence alignments
The amino acid sequences of the wild type UGTs were aligned using clustal omega by European Bioinformatics Institute (https://www.ebi.ac.uk/Tools/msa/clustalo/). The mutant and wild type DNA sequences were compared using NCBI nucleotide BLAST (National Centre for Biotechnology Institute).
Results and discussion (a) MS based HTS method
The genes encoding 76E family and 76D1 were expressed as recombinant proteins in Escherichia coli and puried to electrophoretic homogeneity. In vivo, the functions of these UGTs are not known except for 76D1 whose functions have been recently published. 23 The Green-Amber-Red 'GAR' screen 11, 24 was developed to probe potential substrates, in vitro, using a large acceptor and nucleotide-sugar donor library (Fig. 2 + in positive mode rst, and then a MS/MS scan to conrm the presence of acceptor precursor which indicates the loss of the sugar moiety to conrm the reaction product (Fig. 1a) . This method, similar to the previous NLCIT, 11 could be used to determine the glycosylation site. No difference was noticed in the reaction products from 3 h and 15 h assay incubation. In addition, pseudo single substrate enzyme kinetics was measured by varying one substrate concentrations while saturating the other substrate using a commercial UDP-Glo® assay. An appropriate enzyme concentration was obtained prior to the kinetic study with xed substrate concentrations (UDPGlc at 100 mM and KMP at 20 mM) while enzyme concentration varied. The formation of UDP was monitored in the function of time and initial rates were obtained. Kinetics parameters such as V max /K cat and K M were generated using either Lineweaver-Burk or Michaelis-Menten equation (ESI Fig. 13-16 †) .
(b) GAR substrate specicity (1) Acceptor screening result. The enzyme activity towards acceptor compounds with UDPGlc as the donor using above MS/ MS method was summarised in this GAR mode (Fig. 1a) . The MS and MS/MS spectra were indicated in ESI Fig. 3-6 . †
In this study, we have reported the acceptor substrate prole of UGTs 76E1, 76E2, 76E5 and 76D1 (Fig. 1b) . Of the forty-two acceptor substrates screened, 76E1 recognised nine avonoids and one coumarin. 76E2 only accepted avonoids as substrates while 76E5 on the other hand, recognised one benzoic acid, one coumarin and two avonoids. Similarly, 76D1 accepted two avonoids and one benzoic acid. Although there seem to exist a avonoid trend, recognition of benzoic acid by 76E5 and 76D1 and non-recognition of other acceptor substrate class reinforces the established nding that substrate recognition cannot be predicted solely based on phylogenetic grouping.
1
Our results showed that although acceptor compounds from varying classes were recognised, avonoids appeared to be a common factor. According to Parajuli et al., 25, 26 expanded substrate study of a glycosyltransferase AtUGT89C1 revealed that it recognised ve different classes of avonoids and varying NDP-sugars. Another Arabidopsis thaliana glycosyltransferases, AtUGT78D1 glycosylated several compounds of structural types; avonoids, avonoid glycosides and others. 26 Furthermore, Jones et al. 10 reported avonoid glucoside/rhamnoside production from UGT73C6. All these studies corroborated that AtUGTs seemed to generally favour avonoids O-glycosylation. Flavonoid glycosides possess promising benecial health activities 27 and regioselective glycosyltransferases offer to overcome limitations in their pharmacological potency.
28 This implies that UGTs tested in group H may be useful in producing useful avonoids glycosides.
(2) Donor screening result and glycosylation position. The donor screening was performed with two acceptors, kaempferol and quercetin which were conrmed to be the substrate from the acceptor result (Fig. 1) . The MS and MS/MS spectra were indicated in the ESI 7-10. † The spectral data is summarised in the GAR screen below (Fig. 2) . ESI Table 2 † highlighted the precursor and product ions used for MS/MS screen. It was noticed that UDPGlc was the most favourite donor but some enzymes did utilise more than one donor compound. 76E1 and 76E5 used UDP Gal and UDPGlcNAc in addition to UDP Glc. 76D1 was reported to use UDPGlc (and UDPXyl) in plant defence in vivo by glucosylation of DHBAs. 18 This explains why 76D1 only recognised UDPGlc of all donor sugar compounds we screened.
Flavonoids have multiple glycosylation position which can change the product physical and biological activity. Mass spectra have been found to give information on structural characterization, especially glycosylation position. Most sugar molecules in avonoid O-glycosides bind at 3-, 7-or 4 0 positions (Fig. 1c) , leaving others such as 5-OH which show very low activity to glycosylation. (kaempferol) or 300 (quercetin) instead of 285 or 301 (Fig. 3a) . The formation of a radical aglycone ion is due to the homolytic cleavage of the glycosidic bond between the O-linked sugar and the aglycone moiety.
29
The presence of peak 179 (designated as the diagnostic ion, Fig. 3b ) in retrocyclisation pathway involving loss of B-ring indicates specicity of 3 0 or 4 0 derivatives in negative ion ESI-MS/MS. 30 Fig. 3 showed a few other examples of using the above (Fig. 3b) . Another example showing a glycosylation position was seen in a quercetin glycoside. Here, the regular aglycone ion peak 301 is more prominent than radical aglycone ion 300, showing the glycosylation was not at the 3-O position. Since peak 179 is absent here, we infer that the product was a quercetin 7-O glucoside (Fig. 3c) . From the acceptor screening (Fig. 2) it indicated that 76E1 can be more exible in accommodating acceptors (either at or curved). The result indicates the glycosylation position can be on 7-OH but no further information can be assured without NMR data. Interestingly, 76E1 is also very exible in donor binding pocket with three (3) UDP-sugars used as substrate, but all on the 7-O position. 76E2 performed similarly to 76E1, glucosylating quercetin at 7-OH position. Similar exibility was demonstrated for 76E5 in its donor binding pocket as 76E1 although 76E1 can utilise little more acceptors than 76E5. When UDPGlc was used as donor, it glycosylated kaempferol at 3-OH but with UDPGlcNAc as donor, the glycosylation position is on 4 0 or 7-OH. The acceptor screening prediction is challenging as it involves non-avonoids (Table 1) . (3) Protein sequence analysis and mutation studies. Identication of residues responsible for protein function via protein sequence analysis is an important and widely studied concern. This is because it guides experimental analysis and gives insight to function prediction. Multiple sequence alignment (MSA) can expose sites that are conserved which can indicate residues of functional importance involved in binding. 31 Comparing the MSA of the four studied UGTs showed few differences which seems to be in line with the donor recognised (Fig. 4) . Serine (at points 311 and 318 in 76E1 and 76E5 respectively) is present in both UGTs recognising more donor compounds; UDP Gal and UDPGlcNAc. This residue is absent in 76D1 and 76E2 with no UDP Gal and UDPGlcNAc activity. However, 76D1 and 76E2 both has asparagine (N) at this point (circled in Fig. 4a ). In our previous research (unpublished), we observed UDP Gal and UDPGlcNAc activity for 76E11 and 76E12, both of which contain serine at the same point as shown in Fig. 4b . The presence of serine at this point in two of studied UGTs and also in two other previously screened UGTS with UDPGal and UDPGlcNAc activity from the same family, and its absence in two UGTs with no UDPGal and UDPGlcNAc activity could point at something important. Mutation of serine (S) to asparagine (N) at this site in 76E1 and 76E5 was done to establish the importance of serine in the enzyme substrate recognition, particularly if UDPGal and UDPGlcNAc activity will be lost, reduced or retained. In addition, mutation of asparagine (N) to serine (S) was done to observe if UDPGal and UDPGlcNAc activity will be acquired. Hence, mutants 76E1 S318N, 76E5 S311N and 76E2 N320S were made.
Mass spectra from UGT assay catalysed by mutant enzymes 76E1 S318N, 76E5 S311N and 76E2 N320S are shown in ESI Fig. 18-24 . † Total loss of glycosylation activity (UDPGlc, UDPGal and UDPGlcNAc) was observed in 76E1 S318N and 76E5 S311N as summarised in Fig. 4c . This indeed demonstrates the strong link between these activities and serine at this point. More interestingly, UDPGal and UDPGlcNAc activity was acquired by 76E2 N320S; the WT enzyme 76E2 only has UDPGlc activity (Fig. 4c) . Although the exact mechanism by which serine acts is still unclear, this nding conrms our hypothesis that serine at this point is important in the UDPGlcNAc and UDPGal activity.
(4) Kinetics data. As shown in the plots Michaelis-Menten and Lineweaver-Burk (Table 2, ESI Fig. 26-29 †) , under the current condition, all the enzymes showed relatively low K M at mM scale. A low K M indicates that an enzyme requires a small amount of substrate to become saturated. Hence, the maximum velocity is reached at relatively low substrate concentrations kinetics data revealed relatively low K M values, suggesting ). This kinetic data strongly suggests that 76E5 is probably more of UDPGlcNAc and UDPGal transferase than UDPglucosyltransferase. This is probably also the case in vivo. 76D1 has much high K M values (>25 mM) and low K cat /K M (0.185 s À1 mM
À1
). 76C1 and 76C2 are the only group H members previous characterised, which are plant hormone GTs. The kinetic parameters are with respect to the plant hormone substrates; hence unsuitable for comparison with our studied UGTs. 32 There is no other kinetics data available for group H members for comparison. When compared with VvGT1 (K cat /K M 0.124 s À1 mM
), 10 our UGTs K cat /K M values are in the same range for substrate UDPGlc. 76E5 has a far higher K cat /K M with substrates UDP Gal and UDPGlcNAc (>2000 fold) than VvGT1; affirming that UDP Gal and UDPGlcNAc seems to be natural substrates to 76E5. Functional studies for 76E5 in vivo will reveal more in the near future.
Conclusion
Here, we have reported the substrate specicities and kinetics of four UGTs in group H of Arabidopsis thaliana (76E1, 76E2, 76E5 and 76D1). These UGTs added sugars to acceptors from different classes of secondary metabolites ranging from avo-noids, cinnamic acids, coumarins to alkaloids. They also recognised varying donors tested, with all recognising UDP glucose and 76E1 and 76E5 binding to UDP-galactose and UDPGlcNAc in addition. Using tandem mass spectrometry, the likely glycosylation positions on the acceptors were proposed. Further kinetic study measured each enzyme binding affinity with donor substrates, indicating their donor preferences and catalytic efficiencies. The distinctive amino acid sequences of both UGTs recognising UDP Gal and UDP GlcNAc was observed. Mutagenesis highlighted residue serine, which seem to be important for UDPGlcNAc and UDPGal activity. Knowledge of the activity and specicity of UGTs would provide a basis for their potential use to design improved UGTs to produce bioactive molecules for pharmaceutical purposes.
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